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Topological insulators embody a new state of matter characterized entirely by the topological invariants of the bulk electronic structure rather than any form of spontaneously broken symmetry [1] [2] [3] [4] [5] [6] [7] [8] . Unlike the quantum Hall or quantum spin-Hall-like systems, the three dimensional topological insulators can host magnetism and superconductivity which has generated widespread research activity in condensed-matter and materials-physics communities. Thus there is an explosion of interest in understanding the rich interplay between topological and the broken-symmetry states (such as superconductivity) [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , greatly spurred by proposals that superconductivity introduced into certain band structures will host exotic quasiparticles which are of great interest in quantum information science. The observations of superconductivity in doped Bi 2 Se 3 (Cu x Bi 2 Se 3 ) and doped Bi 2 Te 3 (Pd x -Bi 2 Te 3 T c ∼ 5K) have raised many intriguing questions about the spin-orbit physics of these ternary complexes while any rigorous theory of superconductivity remains elusive [21, 22] . Here we present key measurements of electron dynamics in systematically tunable normal state of Cu x Bi 2 Se 3 (x=0 to 12%) gaining insights into its spin-orbit behavior and the topological nature of the surface where superconductivity takes place at low temperatures. Our data reveal that superconductivity occurs (in samples compositions) with electrons in a bulk relativistic kinematic regime and we identify that an unconventional doping mechanism causes the topological surface character of the undoped compound to be preserved at the Fermi level of the superconducting compound, where Cooper pairing occurs at low temperatures. These experimental observations provide important clues for developing a theory of superconductivity in highly topical Bi-based 3D topological insulators.
Bismuth selenide has been experimentally discovered by angle-resolved photoemission spectroscopy (ARPES) to be a topological insulator with a large bulk bandgap [1, 6, 7] .
Spin-resolved photoemission studies reveal that surface electrons in Bi 2 Se 3 form a Dirac cone spanning the bulk insulating gap, composed of spin-momentum-locked helical states [6, 7] . Recent theory suggests that just as topological insulators can be identified from band structure alone, the topological properties of spin-orbit superconductors can be determined from the connectivity of bulk and surface band structure [10] [11] [12] [13] . Superconducting pairing induced on a two dimensional topological surface state via proximity to a bulk supercon-2 ductor was shown to be inherently unconventional, with the potential to host non-Abelian vortices [20] and defying traditional classification as a singlet or triplet form of Cooper pairing [12] . To ensure that a material is capable of hosting two dimensional vortices in the superconducting state, the spin-polarized surface states are must be non-degenerate with the bulk bands where Cooper pairing takes place. It has been found that 10% copper is needed to bring about superconductivity in bulk Cu x Bi 2 Se 3 , with a relatively large transition temperature of T C =3.8 o K confirmed by the observation of the Meissner effect [21] . matrix [24] . The qualitative result of copper addition is a gradual enlargement of the observed Fermi surface from electron doping and, further surprisingly, a strong reduction in surface electron velocities through reshaping of the surface state conduction band. The slope of the surface state band represents particle velocity, and is globally reduced in amplitude by 30% above the Dirac point when copper doping of x=0.05 is added to the stoichiometric compound (see Fig. 2c ). Assuming that the surface state Dirac point energy is fixed relative to bulk bands, reducing the slope of the surface state increases separation between the bulk and surface conduction bands, a characteristic that increases stability of the topological surface state and is of great importance for stabilizing the topological nature of superconductivity. This effect acts together with the nonlinear doping mechanism reported here to preserve the two dimensional topological surface state at superconducting doping. Therefore our results suggest that the crystal surface of Cu x Bi 2 Se 3 can host two dimensional vortices, which is a prerequisite for observing non-Abelian statistics on the surface.
Addition of copper causes the surface state kinetics to become strongly hexagonally anisotropic, (Fig. 2b ) a deformation that makes the surface susceptible to spin-fluctuation or magnetic instabilities [17] . This is due to the fact that the topological surface states in Bi 2 Se 3 are spin polarized [6] . Carrier density in the surface state is much greater than density in the bulk, as estimated by the Luttinger count applied to the photoemission (ARPES) data ( Fig. 1c) , suggesting that the surface carries a screened negative charge within the normal state of the superconductor. We also observed that attempting to force the creation of Cu Bi replacement defects by adding less bismuth results in very weak hole doping for Cu 0.1 Bi 1.9 Se 3 (Fig. 1c) , raising the bulk conduction band entirely above the Fermi level.
Upon doping into the superconducting regime (x=0.12), the Fermi energy is found to be ing. In a material specific band-structure based modeling of superconductivity, considering a competition between inter-site and intra-site orbital coupling suggests that the superconducting pairing symmetry in this system is partially determined by a ratio between the Dirac rest mass and doped chemical potential ("µ") [12] , when the conduction band is fitted to a standard relativistic Hamiltonian:
where M * is the rest mass, v C is the velocity of the 3D Dirac band, and the Γ i 's (i = 0; ... ; 3) are the 4×4 Dirac Gamma matrices. For this discussion we assume that the v C is isotropic, although our data suggest that it may be smaller in the z-axis direction.
The chemical potential of this Hamiltonian is equal to the sum of the rest mass and the binding energy of the valence band minimum, which can be experimentally evaluated from our photoemission data. In an ideal Dirac band structure, the rest mass will be equal to half the band gap, or 150 meV (giving M*=.15eV, µ=0.15 eV + 0.25 eV, and
). Due to asymmetries between conduction and valence band dispersion in the real experimental system, a larger effective rest mass is used to fit the curvature of the bottom of the conduction band in Fig. 3f , consistent with a ratio of
. These ratios are small enough to allow the rare theoretical possibility that the bulk superconducting wavefunction may have an odd (-1) parity symmetry value [12] . A dispersion anomaly that we have noted in the inset to Fig. 3f also effects low energy electron kinetics, making the bands more linear locally at the Fermi level. Dispersion anomalies, often referred to as "kinks" in photoemission literature, are a common property of band structure in real superconducting materials [25] . The presence of the kink depresses the value of m µ in the favorable direction for realizing odd parity pairing proposed in Ref. [12] .
The observed spin-orbit band structure kinematics fixes several key parameters related to the superconductivity. The superconducting coherence length can be estimated from the average Fermi velocity we observe here to be about and that theoretical constraints ensuring unconventional superconductivity induced in the topological surface band structure will define key properties of the pairing wavefunction [3, 20] . The remarkable preservation of the surface state occurs due to nonlinear doping and unusual distortions of the surface state that we have discovered here (Fig. 2c) . This experimental observation is in contrast to first principles predictions, which suggest that the surface state will become degenerate and thus lose the protected spin-texture at the Fermi level due to intersection with the bulk bands (see Fig. 4b , Section SI III in online Supplementary Information).
Topological surface states are completely determined by the bulk band-structure topology [3] , ensuring that superconducting symmetry breaking in the bulk bands must necessarily effect the surface spectrum. Three dimensional topological insulators doped into a superconducting phase are classified by an integer invariant ("n"), rather than a Z 2 invariant (parity invariant) [12] . The specific band structure and strong spin orbit coupling of Cu x Bi 2 Se 3 suggest that the topological invariant "n" may be non-zero, allowing the possibility of topological superconductivity in Cu x Bi 2 Se 3 . This is further supported by the fact that the ratio m µ
for Cu x Bi 2 Se 3 is well into the topological regime [12] as seen in our data. The exact nature of the superconducting order-parameter will depend on the parity of the pairing wavefunction, which may be even or odd under inversion since Bi 2 Se 3 is a centrosymmetric crystal. Of the two remaining possibilities, even parity will result in a fully gapped band structure, and odd parity will generate new surface states resembling those shown in Fig. 4d [12] . In either scenario, the preserved topological spin polarized surface state will allow the superconducting wavefunction to host Majorana fermions [20] , which might be manipulated adiabatically if the surface is fully gapped (even parity, Case 1 in Fig. 4 ). In the second, odd parity case, the material will be the first known realization of a state of matter specifically termed "topological superconductivity" [12, 18, 19] . While the exact determination of order-parameter phase will require low temperature phase sensitive measurements on ultra-high purity large single crystals, the unusual doping evolution towards achieving superconductivity discovered here provides critical clues for understanding pairing in doped topological insulators, as well as constituting the key ingredients for developing a general theory of these novel Bi-based superconductors. Synchrotron Radiation Laboratory (7-22eV photons) with better than 15 meV energy resolution and overall angular resolution better than 1% of the Brillouin zone (BZ). Samples were cleaved and measured at 15 o K, in a vacuum maintained below 8×10 −11 Torr. Momentum along theẑ axis is determined using an inner potential of 9.5 eV, consistent with previous photoemission investigations of undoped Bi 2 Se 3 [7] . Large single crystals of Cu x Bi 2 Se 3 were grown using methods described in the supplementary information. Surface and bulk state band calculations were performed for comparison with the experimental data, using the LAPW method implemented in the WIEN2K package [27] . Details of the calculation are identical to those described in ref. [7] .
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